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Mast cells reside on and near the cerebral vasculature, the predominant site of pneu-
mococcal entry into the central nervous system (CNS). Although mast cells have been 
reported to be crucial in protecting from systemic bacterial infections, their role in 
bacterial infections of the CNS remained elusive. Here, we assessed the role of mast 
cells in pneumococcal infection in vitro and in vivo. In introductory experiments using 
mouse bone marrow-derived mast cells (BMMC), we found that (i) BMMC degranu-
late and release selected cytokines upon exposure to Streptococcus pneumoniae, (ii) 
the response of BMMC varies between different pneumococcal serotypes and (iii) is 
dependent on pneumolysin. Intriguingly though, apart from a slight enhancement of 
cerebrospinal fluid (CSF) pleocytosis, neither two different mast cell-deficient Kit mutant 
mouse strains (WBB6F1-KitW/Wv and C57BL/6 KitW-sh/W-sh mice) nor pharmacologic mast 
cell stabilization with cromoglycate had any significant impact on the disease phenotype 
of experimental pneumococcal meningitis. The incomplete reversal of the enhanced CSF 
pleocytosis by local mast cell engraftment suggests that this phenomenon is caused by 
other c-Kit mutation-related mechanisms than mast cell deficiency. In conclusion, our 
study suggests that mast cells can be activated by S. pneumoniae in vitro. However, 
mast cells do not play a significant role as sentinels of pneumococcal CSF invasion and 
initiators of innate immunity in vivo.
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inTrODUcTiOn
Bacterial meningitis is among the top 10 causes of infection-related deaths worldwide, and many 
survivors suffer from permanent neurologic and otologic sequelae (1, 2). The most frequent causa-
tive agent in the Western world is Streptococcus pneumoniae (the pneumococcus), being responsible 
for more than half of all cases (1, 2). Pneumococcal infection of the meninges generates a strong 
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inflammatory reaction, which contributes substantially to brain 
damage in this disease (2). The immune response is initiated by 
the recognition of pathogen-associated molecular patterns on 
invading pathogens by host pattern recognition receptors (PRRs) 
like toll-like receptors (TLR). TLR engagement induces myeloid 
differentiation primary response gene (MyD) 88-dependent 
production of a vast array of pro-inflammatory host factors 
including cytokines, chemokines, and complement factors (2). 
As a consequence, large numbers of neutrophils are recruited 
into the cerebrospinal fluid (CSF)-filled leptomeningeal space. 
Rapid recruitment of neutrophils to sites of infection is required 
for an effective host defense against invading pathogens (3). 
However, their many defense mechanisms that destroy or digest 
pathogens can also be deleterious to host tissue. Over the past 
decades, evidence has accumulated that neutrophils are indeed 
major effectors of tissue damage in pneumococcal meningitis 
(4–6). Since they are virtually absent in normal CSF, other 
immunocompetent cells might function as sentinels of bacterial 
CSF invasion and initiators of the host immune response.
Among the potential candidates to act as sentinels are mast 
cells. They are typically found not only in the meninges and cho-
roid plexus but also within the brain parenchyma, particularly 
in the thalamic–hypothalamic region (7, 8). Mast cells generally 
reside on and near the vasculature, the predominant site of 
pneumococcal entry into the CSF (9). In vitro, mast cells, namely, 
the rat RBL-2H3 cell line, were found to respond by degranula-
tion upon exposure to S. pneumoniae (10). Moreover, human 
lung mast cells and the human mast cell lines HMC-1 and LAD 
exhibited direct antimicrobial activity against S. pneumoniae, 
presumably through a pneumolysin (PLY)-induced release of 
the antimicrobial peptide LL-37 (11). Surprisingly, in  vivo, in 
an experimental pneumococcal pneumonia model, mast cell-
deficient KitW-sh/W-sh mice showed reduced bacterial outgrowth, 
less inflammation, and prolonged survival as compared with 
wild-type (WT) mice (12). This finding contrasts with the 
until-recently widely held concept that mast cells are crucial in 
protecting the host from bacterial infections (13, 14). This per-
spective goes back to two seminal reports that demonstrated, by 
using mast cell-deficient KitW/Wv mice, that mast cells are crucial 
for the survival of mice subjected to cecal ligation and puncture 
(CLP)-induced sepsis or Klebsiella pneumoniae peritonitis 
(15, 16). The protective effect was linked to mast cell-mediated 
promotion of neutrophil recruitment to sites of infection 
through their release of pro-inflammatory mediators (17, 18). 
Subsequently, numerous reports were published corroborat-
ing this initial observation in various experimental infectious 
disease models including, for instance, Citrobacter rodentium-
induced colitis (19), experimental cystitis due to Escherichia coli 
infection (20), Staphylococcus aureus peptidoglycan-triggered 
diarrhea (21), Salmonella minnesota lipopolysaccharide-induced 
peritonitis (22), and Pseudomonas aeruginosa pneumonia (23), 
or encephalomyocarditis viral myocarditis (24). However, recent 
studies using two or more mast cell-deficient Kit mutant mouse 
strains and/or mutant mouse strains with unperturbed c-Kit 
function revealed a more complicated picture: depending on the 
nature of the mutation resulting in a mast cell deficiency as well 
as the type and severity of infection, mast cells can have no effect, 
aggravate, or attenuate inflammation and infectious disease 
severity (25–28). For example, mast cell engraftment enhances 
survival after moderately severe CLP in both WBB6F1-KitW/Wv 
mice and C57BL/6 KitW-sh/W-sh mice, but it either has no statisti-
cally significant effect on survival in WBB6F1-KitW/Wv mice or 
even impairs survival in C57BL/6-KitW-sh/W-sh mice (25). Thus, 
a conclusion for an absolute mast cell role in (infectious) diseases 
requires evidence from more than one mutant mouse strain 
(26, 29). Also of note, mast cell phenotype and function are direct 
consequences of the local microenvironment and have a marked 
influence on their ability to specifically recognize and respond to 
pathogens (30). Except for one study, which described a normal 
viral clearance, but less vigorous brain inflammation in mast 
cell-deficient mice as compared with WT mice when subjected 
to intracerebral Sindbis virus infection (31), investigations on 
the functional significance of mast cells in central nervous sys-
tem (CNS) (especially bacterial) infections were lacking.
To provide some insight into the role of mast cells in bacterial 
CNS infections, here we assessed the phenotype of two different 
mast cell-deficient Kit mutant mouse strains and also the treat-
ment effect of the so-called “mast cell stabilizer” cromoglycate 
in a well-established mouse model of pneumococcal meningitis 
(which represents a common and serious form of bacterial CNS 
infection).
MaTerials anD MeThODs
animal experimentation
All procedures were approved by the Committee on the Ethics 
of Animal Experiments of the Government of Upper Bavaria 
(Permit numbers 55.2-1-54-2531-67-99, -125-13) and carried 
out in accordance with the Principles of Laboratory Animal Care 
(European Commission Directive 2010/63/EU), the German 
Animal Welfare Act, and the ARRIVE guidelines (32). All experi-
ments were conducted on age-matched male, 10- to 16-week-old 
mice. All efforts were made to minimize animal suffering and the 
number of animals used (8–12 mice per group, based on power 
calculations at 80% power and significance level of 5%). C57BL/6 
mice (n = 30 in total), Kit mutant WBB6F1-KitW/Wv mice (n = 16, 
one mouse had to be euthanized due to neurologic abnormalities 
related to the meningitis induction procedure) and their congenic 
littermates WBB6F1-Kit+/+ (n =  12) and Kit mutant C57BL/6 
KitW-sh/W-sh mice (n = 25), and their WT controls C57BL/6 Kit+/+ 
(n =  11; one mouse developed clinical signs requiring eutha-
nasia) were purchased from Charles River Germany (Sulzfeld, 
Germany; the exclusive distributor of imported JAX® mice strains 
in Germany). KitW/Wv mice carry one allele (W) with a point 
mutation that produces a non-functional truncated receptor 
and another allele (W-v) that encodes a mutation in the kinase 
domain. They are profoundly mast cell deficient (33). KitW-sh/W-sh 
mice, in turn, have an inversion upstream of the Kit gene that 
leads to a selective reduction of Kit expression and hence severe 
mast cell deficiency (34, 35). Both mouse strains have white spot-
ted or all-white coats while their mast cell-sufficient congenic 
littermates have dark coat, preventing allocation concealment 
and blinding during assessment of clinical outcome. Before and 
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after meningitis induction, mice were housed in their home cages 
in a temperature-controlled environment, with a 12-h light dark 
cycle and were given access to food and water ad libitum.
induction of Pneumococcal Meningitis 
and clinical scoring
A well-characterized mouse model was used in this study (6, 36). 
Briefly, adult mice were weighed, and their body temperature was 
taken. Then, they were clinically examined and scored. Clinical 
scoring compromised (i) a beam balancing test, (ii) a postural 
reflex test, and (iii) monitoring of the presence of piloerection, 
seizures or reduced vigilance. The healthy mouse score was 
set to 0 points, while 13 points were attributed to terminally 
ill mice which were euthanized according to ethics guidelines. 
After clinical examination, bacterial meningitis was induced by 
intracisternal (i.c.) injection of 1 × 105 colony-forming units (cfu) 
S. pneumoniae serotype 2 (D39 strain) under short-term anesthe-
sia with isoflurane. Controls were i.c. injected with phosphate-
buffered saline (PBS). Eighteen hours later, mice were weighed, 
scored clinically, and temperature was measured again. After 
anesthesia with ketamine/xylazine, a catheter was placed into the 
cisterna magna. Through it, CSF was sampled for measurement 
of CSF interleukin (IL)-1β concentrations and white blood cell 
counts. Subsequently, blood samples were drawn by transcardial 
puncture. Deeply anesthetized mice were perfused with ice-cold 
heparin-containing PBS, and thereafter the brains (including cer-
ebella) were removed and further processed for microbiological 
and histological analyses.
Determination of Bacterial Titers  
in Blood and Brain
Cerebella were dissected and homogenized in sterile saline. 
Blood samples and cerebellar homogenates were diluted serially 
in sterile saline, plated on blood agar plates, and cultured for 24 h 
at 37°C with 5% CO2.
Brain cytokine expression Pattern
Mice brains were screened for 32 cytokines using a com-
mercially available cytokine antibody array (Mouse Cytokine 
Array C2 from RayBiotech Inc., USA). Detailed information 
about this array including antibody list, sensitivity data, and 
experimental protocol can be obtained at the supplier’s web-
site.1 Briefly, 30 µm thick brain sections were homogenized in 
lysis buffer (10  mM HEPES at pH 7.9, 10  mM KCl, 1.5  mM 
MgCl2, and a mixture of protease inhibitors, including phenyl-
methylsulfonyl fluoride, aprotinin, leupeptin, and pepstatin A), 
then centrifuged at 12,000 rpm for 15 min at 4°C. Protein con-
centrations were determined in supernatants using Nanoquant 
assay (Carl Roth GmbH, Karlsruhe, Germany), and equal pro-
tein amounts of 8 mice brains per group were pooled. A total 
of 1,500  µg pooled protein was applied per array membrane 
and handled according to the manufacturer’s instructions. 
For evaluation, membranes were digitized and analyzed as 
described previously (37).
1 www.raybiotech.com.
Measurement of Brain il-1β
Mouse brain IL-1β concentrations were determined by ELISA 
according to the manufacturer’s instructions (R&D Systems, 
Wiesbaden-Nordenstadt, Germany).
gene array analysis
The relative mRNA expression of cytokines, chemokines, and 
some related inflammatory genes was analyzed with a pathway-
specific oligonucleotide microarray. The mouse inflammatory 
cytokines and receptor Oligo GEArray® (OMM-011; Superarray 
Inc., Bethesda, MD, USA) contain 112 inflammatory cytokines 
and receptors genes, and different housekeeping genes. Detailed 
information about this oligonucleotide array including descrip-
tion of gene probes, experimental protocol, and data analysis 
method can be obtained at the supplier’s website.2 In brief, 
3  µg of total RNA that was extracted from frozen brain sec-
tions with TRIzol® reagent (Invitrogen) and pooled from brain 
extracts of eight mice per group was reverse transcribed. Then, 
biotin-labeled cRNA was synthesized from cDNA with the use 
of the TrueLabeling-AMP™ Linear RNA Amplification Kit 
(Superarray). cRNA was purified using the ArrayGrade cRNA 
Cleanup Kit (Superarray), quantified, and hybridized overnight 
to inflammatory cytokine and receptor gene-specific probes that 
were spotted on the GEArray membranes. After incubation with 
streptavidin–AP conjugate, the array image was developed with 
CPD-Star chemiluminescent substrate (Superarray), recorded 
with X-ray film, scanned into raw data and analyzed by TINA 
2.08e software (Raytest) (37). To test the validity of the method, 
the brain mRNA expression of cytokines, namely, Il-1β, IL-33, 
and IL-6, were also examined by RT-PCR according to the meth-
ods described previously (38).
experimental groups
To characterize the role of mast cells in the pathobiology of 
pneumococcal meningitis, we compared the disease phenotypes 
of two different mast cell-deficient c-Kit mutant mouse strains, 
namely, WBB6F1-KitW/Wv mice (n = 12) and C57BL/6 KitW-sh/W-sh 
mice (n = 8) with that of their respective control strains (n = 12 
and n =  10, respectively). For mast cell engraftment studies, 
4-week-old C57BL/6 KitW-sh/W-sh mice (n = 6) were reconstituted 
i.c. with 106 bone marrow-derived mast cells (BMMC; for prepa-
ration, see below) in 50 µl PBS through transcutaneous injection 
under short-term isoflurane anesthesia. Reconstitution was 
confirmed by toluidine blue staining of brain sections. In addi-
tional experiments, we evaluated the effect of the pharmacologic 
mast cell stabilizer cromoglycate (n  =  10) in C57BL/6 mice 
with pneumococcal meningitis. Controls (10 C57BL/6 mice, 
3 WBB6F1-KitW/Wv mice, and C57BL/6 KitW-sh/W-sh mice each) 
received the vehicle (PBS) alone. Cromoglycate was given i.c. 
(at a dosage of 75 µg/mouse) because it only minimally crosses 
the BBB (39, 40).
Toluidine Blue staining of Brain section
For determination of mast cell numbers in control and infected 
brains, brain hemispheres were fixed in 10% formalin and 
2 www.superarray.com.
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embedded in paraffin. Brains were cut coronally into 5 µm thick 
sections using a microtome and stained with acidic toluidine 
blue, according to standard protocols (41). The numbers of brain 
mast cells were determined microscopically at 200× magnifica-
tion in 10 systematically selected brain sections containing lateral 
ventricles and the dentate gyrus and given as n per square meter. 
All counts were carried out on coded slides by a single observer.
cell culture experiments
Mouse mast cells (BMMC) were prepared from bone marrow 
cells isolated from femora, as described by Jensen et al. (42) with 
slight modifications. Briefly, femora were flushed with Hanks’ 
balanced salt solution, and the cell suspension was forced through 
a 70-µm mesh. Collected cells were resuspended in complete 
mast cell medium containing RPMI1640, 10% heat-inactivated 
fetal bovine serum (FBS), 2 mM glutamine, 1 mM sodium pyru-
vate, 50 µM 2-mercaptoethanol, 100 U/ml penicillin, 100 µg/ml 
streptomycin, 10 ng/ml recombinant murine IL-3, and 10 ng/ml 
recombinant murine stem cell factor (SCF; both from Peprotech, 
Hamburg, Germany), and cultured at 37°C in 5% CO2. Cells were 
transferred periodically to fresh flasks to remove adherent cells, 
and maintained for 4–6 weeks to allow mast cell differentiation. 
At this time, more than 96% of cells expressed the mast cell mark-
ers c-Kit (CD117) and Fc-epsilon receptor I, as determined by 
flow cytometry analysis.
Mast cell Degranulation assay
Bone marrow-derived mast cells were washed thrice with PBS, 
re-suspended in HEPES buffer (pH 7.4, 10 mM HEPES, 137 mM 
NaCl, 2.7 mM KCl, 0.4 mM Na2HPO4, 5.6 mM glucose, 1.8 mM 
CaCl2, 1.3 mM MgSO4, and 0.04% bovine serum albumin) and 
seeded in a 96-well microtiter plate at a density of 105 cells/100 μl, 
followed by stimulation with (penicillin–streptomycin-lysed) 
S. pneumoniae or its vehicle solution (Todd’s Hewitt broth plus 
0.5% yeast extract, THY) for 30 min at 37°C. The stimulation 
protocols included (i) different concentrations of S. pneumoniae 
serotype 2, (ii) additional S. pneumoniae serotypes, namely, 
a PLY-deficient isogenic D39 mutant (D39Δply) as well as a 
serotype 3, 7F, and 19A, (iii) different concentrations of recom-
binant PLY [expressed and purified as described previously 
(43)], (iv) selected sets of pharmacologic inhibitors, including 
anti-TLR2- and anti-TLR4-neutralizing antibodies [clones 
T2.5 and 1A6, from Hycult Biotech, Germany, and NovImmun 
SA, Switzerland, respectively, each at a dosage of 25  µg/ml 
(44)], the endosomal TLR antagonist chloroquine (20  µg/ml, 
Sigma-Aldrich GmbH, Germany) (45), and cromoglycate (0.1, 1, 
and 10  mM, Sigma-Aldrich GmbH), and (v) BMMC derived 
from mouse strains with genetic deficiencies in the TLR 
signaling pathway, namely, MyD88/TRIF−/− mice (resulting in 
a complete loss of TLR signaling), 3d/Tlr2/4−/− (lacking TLR2 
and TLR4 expression besides carrying a neutralizing missense 
mutation in UNC93b1 named 3d, leading to abrogation of 
TLR3, TLR7, TLR9, TLR11, TLR12, and TLR13 function), and 
TLR2/3/4/7/9−/− mice, as well as BMMC derived from mice lack-
ing apoptosis-associated speck-like protein (ASC−/−) and thus 
S. pneumoniae-induced caspase-1 activation and IL-1β/IL-18 
secretion (46, 47) (femora from all these mouse strains were 
kindly provided by Prof. Carsten Kirschning, University of 
Duisburg-Essen, Germany). The calcium ionophore A23187 
(1 µM; Sigma-Aldrich) was used as a positive control (PC). At the 
end of the stimulation period, microtiter plates were centrifuged, 
supernatants were collected, and cell pellets were solubilized 
in HEPES buffer supplemented with 0.1% Triton-X. Then, the 
β-hexosaminidase activity in cell lysates and supernatants were 
determined as previously described by Kuehn et  al. (48). The 
percentage of β-hexosaminidase release, indicating the extent of 
degranulation, was calculated as the ratio of absorbance of the 
supernatant to the sum of absorbance in the supernatant and cell 
lysate, multiplied with 100.
Mast cell stimulation and Measurement  
of cytokine release
Bone marrow-derived mast cells were washed thrice with PBS, 
resuspended in serum-, IL-3- and SCF-free mast cell medium 
(containing nutridoma-SP instead of FBS), and seeded in a 
96-well microtiter plate at a density of 2 × 105 cells/200 μl. After 
1 h of rest, BMMC were stimulated with S. pneumoniae accord-
ing to the protocol of the degranulation experiments. Six hours 
post pneumococcal challenge supernatants were harvested and 
assayed for cytokines. Controls received THY instead of S. pneu­
moniae. For screening purposes, supernatants from control and 
S. pneumoniae-challenged cells were subjected to a mouse Multi-
Analyte ELISA Array Kit (M-005a; Qiagen, Hilden, Germany). 
In all other experiments, supernatants were assessed for the pres-
ence of mouse IL-6 and CCL2 using mouse DuoSet ELISA Kits 
(R&D Systems, Bio-Techne, Wiesbaden, Germany). Moreover, 
the LDH activity, a marker of cell damage, was determined in 
supernatants (S), centrifuged supernatants of control cells after 
lysis with Triton X-100 (PC), and in control medium [negative 
control (NC)] using a colorimetric assay kit (BioVision, Biocat 
GmbH, Heidelberg, Germany). Cytotoxicity was calculated as 
percentage LDH release by the ratio of (S − NC/PC − NC) − 100.
statistical analysis
The principal statistical test was one-way analysis of variance 
and subsequent Bonferroni post hoc tests. Differences were con-
sidered significant at P < 0.05. Data are displayed as means ± SD.
resUlTs
S. pneumoniae induces Degranulation  
and selected cytokine Production  
of Murine BMMc In Vitro
Data on the impact of S. pneumoniae on cultured mast cells are 
scarce and inconsistent: live (but not heat-killed) S. pneumoniae 
(serotype 2; D39 strain) triggered mast cell degranulation with-
out concomitant cytokine (TNF-α and of IL-6) release in a rat 
mast cell line (10), whereas exposure of human lung mast cells 
and mast cell lines to the identical pneumococcal strain led to 
leukotriene C4 and antimicrobial peptide LL-37 release without 
histamine [a degranulation marker (49)] and cytokine liberation. 
To get a first hint into the responsiveness of murine BMMC to 
pneumococcal challenge, we stimulated 4- and 6-week-old mast 
FigUre 1 | Mouse bone marrow-derived mast cells (BMMC) are activated upon exposure to Streptococcus pneumoniae in vitro. To get first insight into the role of 
mast cells in S. pneumoniae infection, we analyzed responsiveness of mouse BMMC toward pneumococcal challenge using different S. pneumoniae concentrations 
(a–D), serotypes (e–h), and different recombinant pneumolysin (PLY) concentrations (i–M). Supernatants were collected 6 h after challenge, and interleukin (IL)-6 
(a,e), CCL2 (B,F), β-hexosaminadase (c,g), and LDH (D,h) contents were analyzed by standard assays. For β-hexosaminadase release measurements, the 
calcium ionophore A23187 served as positive control (PC). For LDH determinations, BMMC lysed by Triton X-100 were used as PCs. Controls received THY  
instead of S. pneumoniae. Abbreviations: ST, serotype; cfu, colony forming units. All experiments were—at least—carried out thrice in duplicates. Data are given  
as means ± SD. *P < 0.05, compared with 5 × 106 cfu/ml S. pneumoniae ST2; #P < 0.05, compared with 107 cfu/ml S. pneumoniae ST2; §P < 0.05, compared  
with 107 cfu/ml S. pneumoniae ST2; $P < 0.05, compared with 107 cfu/ml S. pneumoniae ST19A; +P < 0.05, compared with 500 ng/ml PLY, and &P < 0.05, 
compared with 250 ng/ml PLY, using ANOVA and Student–Newman–Keuls test for post hoc analysis.
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cells with antibiotic-lysed S. pneumoniae (serotype 2; D39) and 
analyzed supernatants for the presence of 12 different cytokines 
using a Multi-Analyte ELISA Array Kit. Six hours post chal-
lenge, substantially elevated levels of IL-6, CCL2, CCL3, and 
CCL4 (but not IL-1β, TNF-α, IFN-γ, IL-12. IL-17A, IL-4, IL-10, 
and TGF-β1) were detectable in supernatants from stimulated 
BMMC as compared with control cells (irrespective of the 
mast cell culture duration; data not shown). Next, we investi-
gated the concentration and serotype dependence of mast cell 
activation upon S. pneumoniae stimulation. The production of 
cytokines (we selected two out of the four alternatives presented 
by the Multi-Analyte ELISA investigations, namely, IL-6 and 
CCL2) was significantly increased at D39 infectious doses of 
5 ×  106 and 1 ×  107 cfu/ml, but neither at lower nor at higher 
bacterial concentrations (Figures  1A,B). Quite similar results 
were obtained with the β-hexosaminidase degranulation assay 
(Figure  1C). The decline in cytokine and β-hexosaminidase 
release observed at higher bacterial concentrations is probably 
due to a substantial cytotoxicity of S. pneumoniae (serotype 2) 
on BMMC, as indicated by the detection of high LDH in the 
supernatant (Figure 1D). Furthermore, cytokine production and 
degranulation varied substantially between mast cells stimulated 
with different pneumococcal serotypes (Figures 1E–H): IL-6 and 
CCL2 production was observed only after exposure of mast cells 
to serotype 2 and 19A, but not to serotype 3 and 7F pneumococci. 
Mast cell degranulation occurred solely after challenge with the 
serotype 2 strain. Of note, genetic depletion of PLY resulted in a 
complete loss of the mast cell activating potency of the serotype 
2 strain D39Δply (Figures 1E–H) and recombinant PLY on its 
own was able to induce cytokine production and degranulation 
of BMMC (Figures 1I–M). All in all, our data propose that mouse 
BMMC respond to S. pneumoniae infection with the release of 
selected host factors, and the BMMC response varies between 
serotypes and is largely dependent on the presence of PLY.
Mast cell activation by S. pneumoniae 
Does not involve Tlr signaling
Recent investigations in cultured macrophages suggest 
involvement of TLR2, TLR4, and TLR9 in pneumococcal 
sensing in  vitro (2). These TLRs have also been identified 
on and/or in murine BMMC (50). To assess their role in 
S. pneumoniae–BMMC interaction, we first stimulated BMMC 
with serotype 2 pneumococci in the absence or presence of 
FigUre 2 | Bone marrow-derived mast cells (BMMC) activation in response to Streptococcus pneumoniae challenge occurs independently of toll-like receptors 
(TLR) signaling. To evaluate the role of TLR in S. pneumoniae–BMMC interaction, we assessed the responsiveness of BMMC to pneumococcal challenge  
(107 cfu/ml) in the absence or presence of different TLR antagonists (including blocking antibodies directed against TLR2 or TLR4 and the endosomal TLR 
antagonist chloroquine). BMMC from mice with deficiencies in TLR signaling (including MyD88/TRIF-, TLR2/3/4/5/7/9-, and 3d&TLR2/4-deficent mice) or in the 
inflammasome component ASC were used in additional experiments. Supernatants were collected 6 h after challenge, and interleukin (IL)-6 (a,D), CCL2 (B,e), and 
β-hexosaminadase (c,F) levels were analyzed by standard assays. To determine the differentiation state of BMMC, cells sampled 6 weeks after the start of culture 
were subjected to immunophenotyping by flow cytometry using FcεRI and CD117 antibodies (g). All experiments were—at least—carried out twice in triplicates. 
Data are given as means ± SD. *P < 0.05, compared with untreated, stimulated BMMC; #P < 0.05, compared with vehicle (combination of isotype antibodies plus 
sterile deionized water, the vehicle of chloroquine)-treated, stimulated BMMC; and §P < 0.05, compared with stimulated wild-type BMMC, using ANOVA and 
Student–Newman–Keuls test for post hoc analysis.
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different TLR antagonists. Supplementation of the cell culture 
medium with the endosomal TLR antagonist chloroquine, 
but not with neutralizing antibodies directed against TLR2 or 
TLR4, resulted in a significant inhibition of S. pneumoniae– 
induced IL-6 and CCL2 production, but had no effect on 
β-hexosaminidase release (Figures  2A–C). The combined 
addition of chloroquine and anti-TLR2/4 antibodies showed 
no further effect on S. pneumoniae-triggered cytokine release. 
Since chloroquine is known to exert other immunomodulatory 
effects than inhibition of endosomal TLR signaling (51, 52), 
we conducted additional experiments using BMMC from mice 
with profound deficiencies in TLR signaling. Upon exposure 
to S. pneumoniae, MyD88/TRIF−/− BMMC released signific an-
tly lower amounts of IL-6 and CCL2 (but not β-hexosaminidase) 
into the cell culture supernatant as compared with WT BMMC 
(Figures 2D–F). Surprisingly, BMMC obtained from 3d/Tlr2/ 
4−/− mice lacking TLR2 and TLR4 expression besides carrying a 
neutralizing missense mutation in UNC93b1 named 3d (lead-
ing to abrogation of TLR3, TLR7, TLR9, TLR11, TLR12, and 
TLR13 function), and from TLR2/3/4/7/9−/− mice exhibited 
no difference to WT BMMC in respect to both, cytokine and 
β-hexosaminidase release, arguing against an involvement of 
TLR in S. pneumoniae–induced BMMC activation. Of note, 
flow cytometric immunophenotyping analysis revealed an 
impaired differentiation of MyD88/TRIF−/− bone marrow cells 
into mast cells, as compared with WT, but also 3d/Tlr2/4−/− and 
TLR2/3/4/7/9−/− cells: for instance, after 6 weeks of culture, only 
75% of MyD88/TRIF−/− BMMC expressed the mast cell mark-
ers c-Kit and Fc-epsilon receptor I, whereas 99, 91, and 91% 
of WT, 3d/Tlr2/4−/−, and TLR2/3/4/7/9−/− cells were c-Kit—and 
Fc-epsilon receptor I—positive, respectively (Figure  2G). 
As a consequence, the number of BMMC was substantially 
lower in the MyD88/TRIF−/− group as compared with all other 
experimental groups, possibly explaining the reduction in IL-6 
and CCL2 levels in the supernatants from MyD88/TRIF−/− 
BMMC cultures. Since MyD88 also acts as an adapter in the 
signaling cascade of IL-1 family cytokines, we additionally 
assessed the phenotype of ASC−/− BMMC following exposure 
FigUre 3 | Central nervous system mast cell numbers are reduced during 
murine pneumococcal meningitis. The images show representative toluidine 
blue-stained brain sections from control mice (a,c) and mice subjected to 
pneumococcal meningitis (B,D). Images (a,B) show cutouts of the 
leptomeningeal space, whereas (c,D) show cutouts of the ventricles. Mast 
cells stain purple with toluidine blue; arrows indicate representative mast 
cells. The number of toluidine blue-positive cells was determined in 10 brain 
sections containing lateral ventricles and the dentate gyrus (thereby focusing 
on the leptomeningeal space and ventricles) and given as n per brain section 
(e). Scale bars: 100 µm. Data are given as means ± SD. *P < 0.05, 
compared with the number of mast cells within the ventricles in control mice; 
#P < 0.05, compared with the total number of mast cells in control mice, 
using Mann–Whitney rank sum test.
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to S. pneumoniae. ASC is a critical factor for inflammasome 
formation and subsequent caspase-1 activation and IL-1 family 
cytokine secretion (47, 53, 54). The differentiation behavior of 
ASC−/− BMMC was equal to that of WT cells: 97% of ASC−/− cells 
expressed the mast cell markers c-Kit and Fc-epsilon receptor 
I after 6 weeks of culture. Moreover, ASC−/− BMMC exhibited 
no difference to WT BMMC in respect to both, cytokine and 
β-hexosaminidase release. Thus, (autocrine) IL-1 signaling is 
unlikely to contribute to the phenotype of MyD88/TRIF−/− 
BMMC (Figures 2D–F).
The number of Metachromatically  
stained Mast cells is reduced in the  
Brain During Pneumococcal Meningitis
To investigate whether the CNS mast cell population is affected 
by pneumococcal meningitis, we counted the number of 
metachromatically stained mast cells within the leptomeningeal 
space and lateral ventricles in brain sections obtained from 
control and infected mice. Compared with control mice, mice 
subjected to pneumococcal meningitis showed lower numbers of 
metachromatic cells within the CNS (especially within the lateral 
ventricles) at 18 h post infection, suggesting the occurrence of 
mast cell degranulation and/or death during pneumococcal 
meningitis (Figure 3).
WBB6F1-KitW/Wv Mice are Fully 
susceptible to Pneumococcal Meningitis
The vast majority of the existing data on the role of mast cells in 
(infectious) diseases is based on experiments in WBB6F1-KitW/Wv 
mice (26). WBB6F1-KitW/Wv mice were used in the only study 
so far assessing the role of mast cells in an experimental model 
of brain infection (with Sindbis virus) (31), and exhibited an 
attenuated immune response and impaired viral clearance. In our 
murine pneumococcal meningitis model, however, WBB6F1-
KitW/Wv developed disease comparable to their WT littermates 
WBB6F1-Kit+/+: The clinical scores, body temperatures, and 
the meningitis-associated losses in body weight did not differ 
significantly between both mouse strains (Figures 4A–C). Since 
mast cells (from human lungs) were reported to exhibit direct 
antimicrobial activity to S. pneumoniae (11), we also determined 
bacterial loads in brain and blood samples 18  h post infec-
tion, by plating of the samples and quantification of cfu. The 
analysis revealed no significant differences in the amounts of 
S. pneumoniae when comparing mast cell-sufficient and - 
deficient mice (Figures  4D,E). However, significantly higher 
leukocyte numbers were found in the CSF of infected WBB6F1-
KitW/Wv mice as compared with WT littermates (Figure  4F). 
This finding prompted us to analyze the expression of cytokines 
associated with host inflammatory responses. To get an exhaus-
tive survey, inflammatory cytokine and receptor expression 
was determined in RNA isolated from frozen brain sections 
of control mice, infected WBB6F1-Kit+/+ and WBB6F1-KitW/Wv  
mice. The expression of over 20 cytokines, chemokines, and 
related inflammatory factors was more than twofold upregu-
lated or induced in brains from infected, mast cell-sufficient 
mice, including IL-1β, IL-6, TNF-α, CXCL2, CXCL10, CCL3, 
and CCL4 (for more detailed information see Figures S1A,B 
in Supplementary Material). The expression level of all these 
factors did not differ substantially between brains from infected 
mast cell-sufficient and mast cell-deficient mice. In line with 
these findings, quantitative RT-PCR analysis of IL-1β and IL-33 
mRNA brain expression showed similar levels in both mouse 
strains (Figures S1C,D in Supplementary Material). The find-
ing that brain inflammation was equal in WBB6F1-Kit+/+ and 
WBB6F1-KitW/Wv mice was further strengthened by cytokine 
antibody array analysis. Compared with the cytokine protein 
expression in control brains, 7 out of 32 cytokines were induced 
or upregulated in brains of infected WBB6F1-Kit+/+ mice. 
Among them were the cytokines IL-6, IL-12, and G-CSF and the 
chemokines CXCL1, CXCL2, CCL2, and CCL5 (Figures 4E–G). 
There were no differences in the expression levels of all these 
factors between infected WBB6F1-Kit+/+ and WBB6F1-KitW/Wv 
mice. Moreover, ELISA measurements on CSF samples revealed 
similar increases in IL-1β concentrations in both groups as 
compared with control mice (Figure  4H). All in all, except 
for a more pronounced CSF pleocytosis, mast cell-deficient 
WBB6F1-KitW/Wv mice showed a similar disease phenotype as 
their mast cell-sufficient littermates.
neither Mast cell Deficiency due to the 
KitW-sh/KitW-sh Mutation nor Pharmacologic 
Mast cell stabilization influences the 
Disease Phenotype
In addition to their mast cell defects, KitW/Wv mice have multiple 
hematopoietic abnormalities including compromised fitness 
of hematopoietic stem and progenitor cells, and macrocytic 
anemia (26). Importantly, they are neutropenic which may be a 
major factor affecting immune responses in this strain (26, 55). 
FigUre 4 | WBB6F1-KitW/Wv mice are fully susceptible to pneumococcal meningitis. Pneumococcal meningitis was induced by intracisternal injection of 
Streptococcus pneumoniae. Eighteen hours later, animals were evaluated. Except of increased cerebrospinal fluid (CSF) white blood cell (WBC) counts  
(F), WBB6F1-KitW/Wv mice showed a similar disease phenotype as WBB6F1-Kit+/+ mice, as evidenced by similar clinical score values (a), body temperatures  
(B), weight losses (c), and brain and blood bacterial titers (D,e). The increase in CSF WBC counts was not associated with increased expression of inflammatory 
mediators within the central nervous system, as shown by protein array analyses on brain homogenates (g) and interleukin (IL)-1β ELISA on CSF samples  
(h). Data are given as means ± SD. *P < 0.05, compared with infected WBB6F1-Kit+/+ mice; #P < 0.05, compared with infected WBB6F1-KitW/Wv mice,  
using ANOVA and Student–Newman–Keuls post hoc test.
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Owing to these limitations, we additionally evaluated the 
disease phenotype in another mast cell-deficient, Kit mutant 
mouse strain (C57BL/6 KitW-sh/W-sh mice) as well as in WT mice 
following treatment with the mast cell stabilizer cromoglycate. 
The disease phenotype of C57BL/6 KitW-sh/W-sh mice matched 
that of WBB6F1-KitW/Wv mice: the clinical status, the body 
temperature, the loss of body weight, as well as the bacterial 
concentrations in the brain and blood (not shown) did not dif-
fer from that of infected C57BL/6 Kit+/+ mice (Figures 5A–D). 
Also similar to WBB6F1-KitW/Wv mice, infected KitW-sh/W-sh mice 
exhibited significantly higher CSF leukocyte numbers than the 
respective controls whereas CSF IL-β levels were quite similar 
between both mouse strains (Figures 5E,F). To evaluate whether 
the more pronounced CSF pleocytosis could be reversed by 
selective repair of the mast cell deficiency, mast cell-deficient 
KitW-sh/W-sh mice were engrafted i.c. with BMMC from C57BL/6 
Kit+/+ mice. The success of mast cell engraftment was assessed 
by toluidine blue histological staining of brain sections obtained 
from infected Kit+/+, KitW-sh/W-sh, and engrafted KitW-sh/W-sh mice: 
meningeal mast cell numbers were comparable between Kit+/+ 
and engrafted KitW-sh/W-sh mice (3.7 ± 1.5 and 3.1 ± 1.9 cells/brain 
section, respectively), whereas ventricular mast cell numbers 
tended to be lower in engrafted KitW-sh/W-sh mice than in Kit+/+ 
mice (2.0 ± 1.5 and 1.2 ± 1.1 cells/brain section, respectively). 
No mast cells were detectable in brain sections from KitW-sh/W-sh 
mice. Although quite successful, mast cell engraftment resulted 
only in a partial reversal of CSF leukocyte counts to WT levels 
(of note, leukocyte counts were determined in CSF samples 
obtained by puncture of the cisterna magna, that is, the menin-
geal compartment), suggesting that mast cell-independent 
effects of the Kit mutation contribute to this phenomenon. 
Therefore, as a Kit mutation-independent approach, we exam-
ined the effect of the well-known mast cell stabilizer cromo-
glycate in our meningitis model (40, 56, 57). In vitro, we found 
that cromoglycate (when given in a concentration of 10 mM) 
was capable of blocking cytokine production and degranulation 
FigUre 5 | C57BL/6 KitW-sh/W-sh mice show a similar disease phenotype of pneumococcal meningitis than their respective wild-type (WT) littermates. Pneumococcal 
meningitis was induced by intracisternal injection of Streptococcus pneumoniae. Eighteen hours later, animals were evaluated. Except of increased cerebrospinal 
fluid (CSF) white blood cell (WBC) counts, C57BL/6 KitW-sh/W-sh mice showed a similar disease phenotype as their WT controls C57BL/6 Kit+/+ mice, as evidenced by 
similar clinical score values (a), body temperatures (B), weight losses (c), and brain bacterial titers (D). The increase in CSF WBC counts (e) was not associated 
with increased CSF concentrations of interleukin (IL)-1β, as shown by ELISA analysis (F). When injected intracisternally with phosphate-buffered saline, C57BL/6 
KitW-sh/W-sh mice had CSF WBC numbers (0.33 ± 0.28 × 103 cells/μl) equal to that of C57BL/6 Kit+/+ mice. Data are given as means ± SD. *P < 0.05, compared  
with infected C57BL/6 Kit+/+ mice; #P < 0.05, compared with infected C57BL/6 KitW-sh/W-sh mice, using ANOVA and Student–Newman–Keuls post hoc test.
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of murine BMMC upon exposure with S. pneumoniae (Figures 
S2A–D in Supplementary Material). In vivo, cromoglycate was 
given directly into the CSF to guarantee that the drug reaches 
the targeted cells. Treatment with cromoglycate was ineffective 
in modulating the disease phenotype in the mouse meningitis 
model: cromoglycate-treated mice had similar clinical score 
values (6.2 ±  3.1 in cromoglycate-treated mice and 5.9 ±  3.5 
in vehicle-treated mice), brain bacterial titers (6.3 ±  0.5 and 
6.4 ± 0.7 log cfu/organ, respectively), as well as CSF leukocyte 
counts (16,271 ± 4,407 and 14,138 ± 4,529 cells/μl, respectively) 
as vehicle-treated control mice. All in all, our data suggest that 
mast cells are dispensable for the combat of S. pneumoniae 
infection inside the CSF.
DiscUssiOn
Mast cells are present in the meninges and choroid plexus, where 
they reside in the vicinity of small vessels. They are, therefore, 
ideally placed to participate in early pathogen recognition. 
In vitro, rat and human mast cells respond to infection with 
serotype 2 S. pneumoniae by releasing selected immune factors 
(10, 58). Here, we extend this finding and show that (i) mouse 
BMMC degranulate and release IL-6, CCL2, CCL3, and CCL4 
(but not, for instance, IL-1β and TNF-α) upon exposure to the 
same infectious agent, (ii) the response of BMMC varies between 
different pneumococcal serotypes and (iii) is dependent on PLY, 
but independent on TLR activation. Based on these findings, we 
anticipated that the absence of mast cells or pharmacologic mast 
cell stabilization (by cromoglycate) may reduce inflammation and 
ameliorate disease severity following intracisternal infection of 
mice with S. pneumoniae. Intriguingly though, apart from a slight 
enhancement of CSF pleocytosis, we did neither observe any 
effects of mast cell deficiency on brain cytokine and chemokine 
expression nor on disease severity. In addition, neither mast 
cell deficiency nor cromoglycate treatment had any impact on 
pneumococcal growth and dissemination in pneumococcal 
meningitis.
There is now a wealth of evidence suggesting that mast cells 
are crucial players in the host defense toward bacterial insults. 
Mast cells can modulate host innate immunity by releasing 
preformed and/or newly synthetized mediators (13). Their 
release is triggered through recognition of bacteria or bacterial 
products by various PRRs expressed on the cell surface or within 
endocytic vehicles (14) and, depending on the activating signal, 
exhibits distinct dynamics and features that are associated 
with distinct inflammation patterns (14, 59). Accordingly, we 
detected substantial differences in the BMMC reaction to differ-
ent pneumococcal serotypes: while challenge with a serotype 2 
strain caused both, mast cell degranulation and cytokine release, 
stimulation with a serotype 19A strain only triggered cytokine 
secretion, and exposure to serotype 3 or 7F strains was even inef-
fective. A possible explanation for this finding may be that the 
serotypes differ in their expression of the cholesterol-dependent 
cytolysin PLY, as demonstrated by Western immunoblotting 
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and a standard hemolysis test (Figures S3A,B in Supplementary 
Material). PLY seems to be important for mast cell activation 
upon S. pneumoniae infection as it can stimulate human lung 
mast cells to release the antimicrobial peptide LL-37 and the 
pro-inflammatory mediator LTC4 (11). Accordingly, we found 
that, in the serotype 2 strain, genetic deletion of PLY results in 
complete loss of its ability to activate BMMC. The mechanism 
through which PLY activates mast cells is not known. Based 
on previous reports that PLY can activate TLR4 (60) and that 
mast cells can express most of the common TLR including 
TLR1–9 (14), TLR involvement has been speculated (11). 
By using pharmacologic TLR antagonists and BMMC from 
TLR-deficient mice, however, we were unable to find evidence 
for a linkage between TLR and S. pneumoniae-induced BMMC. 
Of note, these experiments were hampered by possible pharma-
cologic side effects of chloroquine (51, 52) and by an incomplete 
differentiation of MyD88/TRIF−/− bone marrow into mast cells, 
as evidenced by FACS immunophenotyping for the mast cell 
marker c-Kit and Fc-epsilon receptor I. Also of note, our 
observation that BMMC can release selected cytokines (namely, 
IL-6, CCL2, CCL3, and CCL4) in response to pneumococcal 
challenge is in contradiction to previous studies: Barbuti et al. 
(10) failed to show IL-6 and TNF-α production in the rat mast 
cell line RBL-2H3, and Cruse et al. (11) did not detect synthesis 
of several cytokines (including IL-6 and CCL2) in human lung 
mast cells. These striking differences might be explained by the 
following facts: (i) different activation signals can trigger dis-
tinct mast cell responses (30, 59). In our study, mast cells were 
stimulated with antibiotic-lysed bacteria, whereas live bacteria 
(albeit the same strain) and recombinant PLY were used in the 
other studies, respectively (10, 11). (ii) Mast cells exhibit a high 
degree of phenotypic heterogeneity and plasticity (61). In our 
study, experiments were conducted in mouse bone marrow cells 
differentiated into mast cells by propagation over 4–6 weeks in 
the presence of IL-3 and SCF, whereas rat or human mast cell 
lines as well as primary human mast cells which were purified 
from macroscopically normal lung tissue obtained from cancer 
resections were employed in the other studies. Taken together, 
the existing data indicate that mast cells are capable of reacting 
to S. pneumoniae infection. However, the response pattern likely 
varies between different stimuli and mast cell populations.
Intriguingly, although we found in  vitro and histological 
evidence for mast cell activation upon S. pneumoniae exposure, 
we did not see any effect of mast cell deficiency (by using two 
different Kit mutant mouse strains) on the disease phenotype, 
bacterial outgrowth, and CNS inflammation (except for an 
increase in CSF pleocytosis) in an in vivo meningitis model. One 
potential explanation for this discrepancy may be that although 
brain mast cells may respond to CSF S. pneumoniae infection 
with the release of cytokines, their total output is negligible in 
comparison with contributions from other cells, e.g., resident 
macrophages. In this context it is important to point out that 
mast cells represent only a minor population of cells with the 
leptomeningeal space (the site of infection in meningitis) (7, 8). 
Another possible explanation for the apparent differences 
between the cytokine responses seen in  vitro and in  vivo is 
that the mast cell phenotype and consequently their response 
pattern may differ between the in vitro situation and in vivo (61). 
Culture of bone marrow-derived progenitor mast cells with IL-3 
and SCF facilitates maturation toward a connective-tissue type 
phenotype (62, 63). Although CNS mast cells belong predomi-
nantly to this phenotype, there are also other subpopulations 
including mucosal type and mixed type mast cells present 
in the meninges and brain parenchyma (41, 64), illustrating 
substantial mast cell heterogeneity within the CNS. In addition, 
the mast cell heterogeneity can probably dynamically change in 
accordance with microenvironmental conditions (e.g., altera-
tions in cytokine levels, cell–cell contacts, etc.) that dictate their 
gene expression and phenotypic development (61). Since the 
microenvironmental conditions where mast cell phenotypic 
development occurs in vivo cannot be fully mimicked in vitro, 
cultured mast cells are inevitably incomplete representatives of 
mature tissue mast cells.
Despite similar cytokine production profiles, Kit mutant 
mice exhibited significantly higher leukocyte (particularly 
neutrophil) counts in the CSF 18 h after pneumococcal infec-
tion as compared with mast cell-sufficient control mice. Our 
observation is in conflict with the long time widely accepted 
theory that mast cells contribute to neutrophil recruitment in 
infectious diseases as initially reported by Echtenacher and 
Malaviya and their respective coworkers (15, 16). Accordingly, 
a more recent study in a mouse model of pneumococcal pneu-
monia demonstrated a reduction of leukocyte recruitment into 
lung tissue during established disease in mast cell-deficient 
KitW-sh/W-sh mice (12). Although the exact reasons for this dispa-
rate findings remain elusive, evidence exists that (i) the innate 
immune responses to S. pneumoniae infection differ between 
the lung and CNS (65, 66) and (ii) mast cells can have no effect 
on, promote or block leukocyte infiltration, depending on the 
mouse strain background, the nature of the mutation resulting 
in a mast cell deficiency, and type and severity of infection (25, 
26). Furthermore, it is worth mentioning that i.c. mast cell 
reconstitution only partially reverses CSF leukocyte counts to 
values seen in infected mast cell-sufficient mice. Local mast 
cell reconstitution (in mast cell-deficient Kit mutant mouse 
strains) is considered as the mainstay to study mast cell function 
in  vivo. Although engrafted BMMC can adopt the phenotype 
of normal tissue mast cells after transfer, numbers, distribu-
tion, and functional responses of reconstituted mast cells may 
not be physiological (67, 68). Hence, it seems not possible to 
define the exact contribution of mast cells (or to be precise their 
deficiency) to the increase in CSF pleocytosis observed in our 
study. Nonetheless, we think that its incomplete reversal by 
mast cell engraftment may point at other c-Kit mutation-related 
mechanisms (whose identification was beyond the scope of this 
study) than mast cell deficiency. This hypothesis is supported by 
our observation that i.c. treatment with the mast cell stabilizer 
cromoglyate showed no effect on leukocyte recruitment into the 
CSF in response to S. pneumoniae infection.
Mast cells can also participate in direct killing of pathogens 
by phagocytosis, extracellular trap formation, and/or the release 
of antimicrobial peptides, such as the cathelicidin LL-37 (13, 14). 
Accordingly, human lung mast cells were reported to exhibit 
direct antimicrobial activity to S. pneumoniae upon activation by 
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the bacterial toxin PLY. This antimicrobial activity is mediated, 
at least partly, by the secretion of LL-37 from mast cells (11). 
Paradoxically, in a mouse model of pneumococcal pneumonia, 
mast cell deficiency did not significantly influence the clearance 
of PLY-sufficient S. pneumoniae strain, whereas its isogenic 
PLY-deficient mutant was cleared more rapidly in mast cell-
deficient mice (KitW-sh/W-sh mice), suggesting even an improved 
host defense against pneumococcal infection in mice with pro-
found mast cell deficiency. Contrary to both studies, we did not 
detect any differences in bacterial loads in the brain and blood 
between mast cell-sufficient and mast cell-deficient Kit mouse 
mutant strains as well as vehicle- or cromoglycate-treated mice. 
This observation may be related to the well-known immune 
incompetence inside the CSF-filled leptomeningeal space, such 
as a lack of complement factors, hampering antibacterial effector 
mechanisms (2).
In conclusion, we have shown that (i) mouse BMMC 
degranulate and release selected cytokines upon exposure to 
S. pneumoniae, (ii) the response of BMMC varies between dif-
ferent pneumococcal serotypes and (iii) is dependent on PLY. 
Intriguingly though, we did neither observe any effects of mast 
cell deficiency nor of pharmacologic mast cell stabilization on 
the disease phenotype in a well-established mouse model of 
pneumococcal meningitis. Hence, mast cells are unlikely to act 
as sentinels of pneumococcal CSF invasion and initiators of the 
host immune response inside the CSF.
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FigUre s1 | Effect of mast cell deficiency on cytokine mRNA expression within 
the brain following intracisternal pneumococcal infection. (a) A mouse 
inflammatory cytokines and receptors oligonucleotide array was used to 
determine the differences in the mRNA expression of cytokines, chemokines, 
and other inflammatory factors from PBS-injected WBB6F1-Kit+/+ controls  
(left image) as well as Streptococcus pneumoniae-infected WBB6F1-Kit+/+ mice 
(middle image) and WBB6F1-KitW/Wv mice (right image). The expression of 
multiple cytokines, chemokines, and related inflammatory factors was 
upregulated or induced in brains from infected WBB6F1-Kit+/+ mice. The 
expression level of all these factors did not differ between brains from infected 
WBB6F1-Kit+/+ and WBB6F1-KitW/Wv mice. (B) A scheme of the oligonucleotide 
array membrane: inflammatory factors that were upregulated more than fourfold 
or clearly induced in infected mice are marked with yellow. (c) Using mRNA 
isolated from mouse brains, the relative expressions of IL-1β and IL-33 were 
analyzed in comparison to the housekeeping gene aldolase using quantitative 
RT-PCR. Data are given as mean ± SD. *P < 0.05, compared to infected 
WBB6F1-Kit+/+ mice, #P < 0.05, compared to infected WBB6F1-KitW/Wv mice, 
using ANOVA and Student–Newman–Keuls test for post hoc analysis.
FigUre s2 | Effect of cromoglycate treatment on the BMMC response to 
pneumococcal challenge. In order to evaluate the mast cell-inhibitory potential of 
cromoglycate (cg), we tested the responsiveness of murine BMMC to 
pneumococcal challenge (107 cfu/ml) in the absence or presence of different CG 
concentrations. Supernatants were collected 6 h after challenge, and IL-6 (a), 
CCL2 (B), β-hexosaminadase (c), and LDH (D) concentrations were analyzed by 
standard assays. All experiments were repeated thrice in triplicates. Data are 
given as mean ± SD. *P < 0.05, compared to vehicle (=PBS)-treated, stimulated 
BMMC, #P < 0.05, compared to unstimulated BMMC, using ANOVA and 
Student–Newman–Keuls test for post hoc analysis.
FigUre s3 | Analysis of pneumolysin production by Streptococcus pneumoniae 
serotypes. Pneumolysin production of the each pneumococcal strain was tested 
using a standard hemolysis assay (a) and Western blot analysis (B). The 
presence of pneumolysin is indicated by disintegration of the red blood cell pellet 
within the well in the hemolysis assay and by a single band of approximately 53 
kDa in the Western blot analysis. Antibiotic-lysed S. pneumoniae of the serotypes 
2 (pneumolysin-sufficient or -deficient strain), 3, 7F, and 19A were used as 
samples in both investigations.
reFerences
1. McGill F, Heyderman RS, Panagiotou S, Tunkel AR, Solomon T. Acute 
bacterial meningitis in adults. Lancet (2016) 388:3036–47. doi:10.1016/
S0140-6736(16)30654-7 
2. Van de Beek D, Brouwer M, Hasbun R, Koedel U, Whitney CG, Wijdicks E. 
Community-acquired bacterial meningitis. Nat Rev Dis Primers (2016) 2: 
16074. doi:10.1038/nrdp.2016.74 
3. Too LK, Mitchell AJ, McGregor IS, Hunt NH. Antibody-induced neutrophil 
depletion prior to the onset of pneumococcal meningitis influences long-term 
12
Fritscher et al. Mast Cells in Meningitis
Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 550
neurological complications in mice. Brain Behav Immun (2016) 56:68–83. 
doi:10.1016/j.bbi.2016.01.021 
4. Tuomanen EI, Saukkonen K, Sande S, Cioffe C, Wright SD. Reduction of 
inflammation, tissue damage, and mortality in bacterial meningitis in rabbits 
treated with monoclonal antibodies against adhesion-promoting receptors of 
leukocytes. J Exp Med (1989) 170:959–69. doi:10.1084/jem.170.3.959 
5. Koedel U, Frankenberg T, Kirschnek S, Obermaier B, Hacker H, Paul R, et al. 
Apoptosis is essential for neutrophil functional shutdown and determines 
tissue damage in experimental pneumococcal meningitis. PLoS Pathog (2009) 
5:e1000461. doi:10.1371/journal.ppat.1000461 
6. Woehrl B, Brouwer MC, Murr C, Heckenberg SG, Baas F, Pfister HW, et al. 
Complement component 5 contributes to poor disease outcome in humans 
and mice with pneumococcal meningitis. J Clin Invest (2011) 121:3943–53. 
doi:10.1172/JCI57522 
7. Dropp JJ. Mast cells in mammalian brain. Acta Anat (Basel) (1976) 94:1–21. 
doi:10.1159/000144540 
8. Johnson D, Yasui D, Seeldrayers P. An analysis of mast cell frequency in the 
rodent nervous system: numbers vary between different strains and can be 
reconstituted in mast cell-deficient mice. J Neuropathol Exp Neurol (1991) 
50:227–34. doi:10.1097/00005072-199105000-00005 
9. Iovino F, Seinen J, Henriques-Normark B, van Dijl JM. How does Streptococcus 
pneumoniae invade the brain? Trends Microbiol (2016) 24(4):307–15. 
doi:10.1016/j.tim.2015.12.012 
10. Barbuti G, Moschioni M, Censini S, Covacci A, Montecucco C, Montemurro P. 
Streptococcus pneumoniae induces mast cell degranulation. Int J Med Micro­
biol (2006) 296:325–9. doi:10.1016/j.ijmm.2005.11.009 
11. Cruse G, Fernandes VE, de SJ, Pankhania D, Marinas MS, Brewin H, et al. 
Human lung mast cells mediate pneumococcal cell death in response to 
activation by pneumolysin. J Immunol (2010) 184:7108–15. doi:10.4049/
jimmunol.0900802 
12. van den Boogaard FE, Brands X, Roelofs JJ, de Beer R, de Boer OJ, van’t Veer C, 
et al. Mast cells impair host defense during murine Streptococcus pneumo­
niae pneumonia. J Infect Dis (2014) 210:1376–84. doi:10.1093/infdis/jiu285 
13. Urb M, Sheppard DC. The role of mast cells in the defence against pathogens. 
PLoS Pathog (2012) 8:e1002619. doi:10.1371/journal.ppat.1002619 
14. Trivedi NH, Guentzel MN, Rodriguez AR, Yu JJ, Forsthuber TG, Arulanandam BP. 
Mast cells: multitalented facilitators of protection against bacterial pathogens. 
Expert Rev Clin Immunol (2013) 9:129–38. doi:10.1586/eci.12.95 
15. Echtenacher B, Mannel DN, Hultner L. Critical protective role of mast cells 
in a model of acute septic peritonitis. Nature (1996) 381:75–7. doi:10.1038/ 
381075a0 
16. Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell modulation of neutrophil 
influx and bacterial clearance at sites of infection through TNF-α. Nature 
(1996) 381:77–80. doi:10.1038/381077a0 
17. Metz M, Maurer M. Mast cells – key effector cells in immune responses. Trends 
Immunol (2007) 28:234–41. doi:10.1016/j.it.2007.03.003 
18. Dawicki W, Marshall JS. New and emerging roles for mast cells in host defence. 
Curr Opin Immunol (2007) 19:31–8. doi:10.1016/j.coi.2006.11.006 
19. Wei OL, Hilliard A, Kalman D, Sherman M. Mast cells limit systemic bacterial 
dissemination but not colitis in response to Citrobacter rodentium. Infect 
Immun (2005) 73:1978–85. doi:10.1128/IAI.73.4.1978-1985.2005 
20. Malaviya R, Ikeda T, Abraham SN, Malaviya R. Contribution of mast cells to 
bacterial clearance and their proliferation during experimental cystitis induced 
by type 1 fimbriated E. coli. Immunol Lett (2004) 91:103–11. doi:10.1016/j.
imlet.2003.10.005 
21. Feng BS, He SH, Zheng PY, Wu L, Yang PC. Mast cells play a crucial role in 
Staphylococcus aureus peptidoglycan-induced diarrhea. Am J Pathol (2007) 
171(2):537–47. doi:10.2353/ajpath.2007.061274 
22. De Filippo K, Dudeck A, Hasenberg M, Nye E, Van Rooijen N, Hartmann K, 
et al. Mast cell and macrophage chemokines CXCL1/CXCL2 control the early 
stage of neutrophil recruitment during tissue inflammation. Blood (2013) 
121:4930–7. doi:10.1182/blood-2013-02-486217 
23. Junkins RD, Carrigan SO, Wu Z, Stadnyk AW, Cowley E, Issekutz T, et  al. 
Mast cells protect against Pseudomonas aeruginosa-induced lung injury. Am 
J Pathol (2014) 184:2310–21. doi:10.1016/j.ajpath.2014.05.009 
24. Higuchi H, Hara M, Yamamoto K, Miyamoto T, Kinoshita M, Yamada T, 
et  al. Mast cells play a critical role in the pathogenesis of viral myocar-
ditis. Circulation (2008) 118:363–72. doi:10.1161/CIRCULATIONAHA. 
107.741595 
25. Piliponsky AM, Chen CC, Grimbaldeston MA, Burns-Guydish SM, Hardy J, 
Kalesnikoff J, et al. Mast cell-derived TNF can exacerbate mortality during 
severe bacterial infections in C57BL/6-KitW-sh/W-sh mice. Am J Pathol 
(2010) 176:926–38. doi:10.2353/ajpath.2010.090342 
26. Rodewald HR, Feyerabend TB. Widespread immunological functions 
of mast cells: fact or fiction? Immunity (2012) 37:13–24. doi:10.1016/j.
immuni.2012.07.007 
27. Ronnberg E, Johnzon CF, Calounova G, Faroldi GG, Grujic M, Hartmann K, 
et  al. Mast cells are activated by Staphylococcus aureus in  vitro but do not 
influence the outcome of intraperitoneal Staphylococcus aureus infection 
in vivo. Immunology (2014) 143:155–63. doi:10.1111/imm.12297 
28. Dahdah A, Gautier G, Attout T, Fiore F, Lebourdais E, Msallam R, et  al.  
Mast cells aggravate sepsis by inhibiting peritoneal macrophage phagocytosis. 
J Clin Invest (2014) 124:4577–89. doi:10.1172/JCI75212 
29. Soucie E, Brenet F, Dubreuil P. Molecular basis of mast cell disease. Mol 
Immunol (2015) 63:55–60. doi:10.1016/j.molimm.2014.03.013 
30. da Silva EZ, Jamur MC, Oliver C. Mast cell function: a new vision of an old 
cell. J Histochem Cytochem (2014) 62:698–738. doi:10.1369/00221554145 
45334 
31. Mokhtarian F, Griffin DE. The role of mast cells in virus-induced inflamma-
tion in the murine central nervous system. Cell Immunol (1984) 86:491–500. 
doi:10.1016/0008-8749(84)90404-0 
32. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving 
bioscience research reporting: the ARRIVE guidelines for reporting 
animal research. PLoS Biol (2010) 8:e1000412. doi:10.1371/journal.pbio. 
1000412 
33. Galli SJ, Kitamura Y. Genetically mast-cell-deficient W/Wv and Sl/Sld mice. 
Their value for the analysis of the roles of mast cells in biologic responses 
in vivo. Am J Pathol (1987) 127:191–8. 
34. Grimbaldeston MA, Chen CC, Piliponsky AM, Tsai M, Tam SY, Galli SJ. 
Mast cell-deficient W-sash c-kit mutant Kit W-sh/W-sh mice as a model 
for investigating mast cell biology in  vivo. Am J Pathol (2005) 167:835–48. 
doi:10.1016/S0002-9440(10)62055-X 
35. Wolters PJ, Mallen-St CJ, Lewis CC, Villalta SA, Baluk P, Erle DJ, et  al.  
Tissue-selective mast cell reconstitution and differential lung gene expression 
in mast cell-deficient Kit(W-sh)/Kit(W-sh) sash mice. Clin Exp Allergy (2005) 
35:82–8. doi:10.1111/j.1365-2222.2005.02136.x 
36. Klein M, Paul R, Angele B, Popp B, Pfister HW, Koedel U. Protein expression 
pattern in experimental pneumococcal meningitis. Microbes Infect (2006) 
8:974–83. doi:10.1016/j.micinf.2005.10.013 
37. Rupprecht TA, Angele B, Klein M, Heesemann J, Pfister HW, Botto M, et al. 
Complement C1q and C3 are critical for the innate immune response to 
Streptococcus pneumoniae in the Central Nervous System. J Immunol (2007) 
178:1861–9. doi:10.4049/jimmunol.178.3.1861 
38. Zierhut M, Dyckhoff S, Masouris I, Klein M, Hammerschmidt S, Pfister HW, 
et al. Role of purinergic signaling in experimental pneumococcal meningitis. 
Sci Rep (2017) 7:44625. doi:10.1038/srep44625 
39. Strbian D, Karjalainen-Lindsberg ML, Tatlisumak T, Lindsberg PJ. Cerebral 
mast cells regulate early ischemic brain swelling and neutrophil accumu-
lation. J Cereb Blood Flow Metab (2006) 26:605–12. doi:10.1038/sj.jcbfm. 
9600228 
40. McKittrick CM, Lawrence CE, Carswell HV. Mast cells promote blood brain 
barrier breakdown and neutrophil infiltration in a mouse model of focal 
cerebral ischemia. J Cereb Blood Flow Metab (2015) 35:638–47. doi:10.1038/
jcbfm.2014.239 
41. Michaloudi H, Batzios C, Chiotelli M, Papadopoulos GC. Developmental 
changes of mast cell populations in the cerebral meninges of the rat. J Anat 
(2007) 211:556–66. doi:10.1111/j.1469-7580.2007.00795.x
42. Jensen BM, Swindle EJ, Iwaki S, Gilfillan AM. Generation, isolation, and 
maintenance of rodent mast cells and mast cell lines. Curr Protoc Immunol 
(2006) Chapter 3:Unit 3.23. doi:10.1002/0471142735.im0323s74 
43. Schmeck B, Gross R, N’Guessan PD, Hocke AC, Hammerschmidt S, 
Mitchell TJ, et al. Streptococcus pneumoniae-induced caspase 6-dependent 
apoptosis in lung epithelium. Infect Immun (2004) 72:4940–7. doi:10.1128/
IAI.72.9.4940-4947.2004 
13
Fritscher et al. Mast Cells in Meningitis
Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 550
44. Spiller S, Elson G, Ferstl R, Dreher S, Mueller T, Freudenberg M, et  al. 
TLR4-induced IFN-gamma production increases TLR2 sensitivity and drives 
Gram-negative sepsis in mice. J Exp Med (2008) 205:1747–54. doi:10.1084/
jem.20071990 
45. Kuznik A, Bencina M, Svajger U, Jeras M, Rozman B, Jerala R. Mechanism 
of endosomal TLR inhibition by antimalarial drugs and imidazoquinolines. 
J Immunol (2011) 186:4794–804. doi:10.4049/jimmunol.1000702 
46. Franchi L, Eigenbrod T, Munoz-Planillo R, Nunez G. The inflammasome: 
a caspase-1-activation platform that regulates immune responses and disease 
pathogenesis. Nat Immunol (2009) 10:241–7. doi:10.1038/ni.1703 
47. Hoegen T, Tremel N, Klein M, Angele B, Wagner H, Kirschning C, et  al.  
The NLRP3 inflammasome contributes to brain injury in pneumococcal 
meningitis and is activated through ATP-dependent lysosomal cathepsin B 
release. J Immunol (2011) 187:5440–51. doi:10.4049/jimmunol.1100790 
48. Kuehn HS, Radinger M, Gilfillan AM. Measuring mast cell mediator release. 
Curr Protoc Immunol (2010) Chapter 7:Unit7. doi:10.1002/0471142735.
im0738s91 
49. Hohman RJ, Dreskin SC. Measuring degranulation of mast cells. Curr Protoc 
Immunol (2001) Chapter 7:Unit7.38. doi:10.1002/0471142735.im0726s08 
50. Sandig H, Bulfone-Paus S. TLR signaling in mast cells: common and unique 
features. Front Immunol (2012) 3:185. doi:10.3389/fimmu.2012.00185 
51. Kyburz D, Brentano F, Gay S. Mode of action of hydroxychloroquine in 
RA-evidence of an inhibitory effect on toll-like receptor signaling. Nat Clin 
Pract Rheumatol (2006) 2:458–9. doi:10.1038/ncprheum0292 
52. Ben-Zvi I, Kivity S, Langevitz P, Shoenfeld Y. Hydroxychloroquine: from 
malaria to autoimmunity. Clin Rev Allergy Immunol (2012) 42:145–53. 
doi:10.1007/s12016-010-8243-x 
53. Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, et al. 
Differential activation of the inflammasome by caspase-1 adaptors ASC and 
Ipaf. Nature (2004) 430:213–8. doi:10.1038/nature02664 
54. Franklin BS, Latz E, Schmidt FI. The intra- and extracellular functions of ASC 
specks. Immunol Rev (2018) 281:74–87. doi:10.1111/imr.12611 
55. Zhou JS, Xing W, Friend DS, Austen KF, Katz HR. Mast cell deficiency in 
Kit(W-sh) mice does not impair antibody-mediated arthritis. J Exp Med 
(2007) 204:2797–802. doi:10.1084/jem.20071391 
56. Moretti R, Chhor V, Bettati D, Banino E, De LS, Le CT, et al. Contribution of 
mast cells to injury mechanisms in a mouse model of pediatric traumatic brain 
injury. J Neurosci Res (2016) 94:1546–60. doi:10.1002/jnr.23911 
57. Hughes EL, Becker F, Flower RJ, Buckingham JC, Gavins FNE. Mast 
cells mediate early neutrophil recruitment and exhibit anti-inflammatory 
properties via FPR2/ALX. Br J Pharmacol (2017) 174:2393–408. doi:10.1111/
bph.13847 
58. Schilling M, Strecker JK, Ringelstein EB, Kiefer R, Schabitz WR. Turn-over 
of meningeal and perivascular macrophages in the brain of MCP-1-, CCR-
2- or double knockout mice. Exp Neurol (2009) 219:583–5. doi:10.1016/j.
expneurol.2009.07.003 
59. Gaudenzio N, Sibilano R, Marichal T, Starkl P, Reber LL, Cenac N, et  al. 
Different activation signals induce distinct mast cell degranulation strategies. 
J Clin Invest (2016) 126:3981–98. doi:10.1172/JCI85538 
60. Malley R, Henneke P, Morse SC, Cieslewicz MJ, Lipsitch M, Thompson CM, 
et  al. Recognition of pneumolysin by toll-like receptor 4 confers resistance 
to pneumococcal infection. Proc Natl Acad Sci U S A (2003) 100:1966–71. 
doi:10.1073/pnas.0435928100 
61. Moon TC, St Laurent CD, Morris KE, Marcet C, Yoshimura T, Sekar Y, et al. 
Advances in mast cell biology: new understanding of heterogeneity and 
function. Mucosal Immunol (2010) 3:111–28. doi:10.1038/mi.2009.136 
62. Dvorak AM, Seder RA, Paul WE, Morgan ES, Galli SJ. Effects of interleu-
kin-3 with or without the c-kit ligand, stem cell factor, on the survival and 
cytoplasmic granule formation of mouse basophils and mast cells in vitro. 
Am J Pathol (1994) 144:160–70. 
63. Rottem M, Goff JP, Albert JP, Metcalfe DD. The effects of stem cell factor on the 
ultrastructure of Fc epsilon RI+ cells developing in IL-3-dependent murine 
bone marrow-derived cell cultures. J Immunol (1993) 151:4950–63. 
64. Dimitriadou V, Rouleau A, Tuong MD, Ligneau X, Newlands GF, Miller HR, 
et al. Rat cerebral mast cells undergo phenotypic changes during development. 
Brain Res Dev Brain Res (1996) 97:29–41. doi:10.1016/S0165-3806(96) 
00127-7 
65. Raz E. Organ-specific regulation of innate immunity. Nat Immunol (2007) 
8:3–4. doi:10.1038/ni0107-3 
66. Thornton JA, Durick-Eder K, Tuomanen EI. Pneumococcal pathogenesis: 
“innate invasion” yet organ-specific damage. J Mol Med (2010) 88:103–7. 
doi:10.1007/s00109-009-0578-5 
67. Pranzatelli MR, Tate ED, Travelstead AL, Verhulst SJ. Chemokine/ 
cytokine profiling after rituximab: reciprocal expression of BCA-1/CXCL13 
and BAFF in childhood OMS. Cytokine (2011) 53:384–9. doi:10.1016/j.
cyto.2010.12.004 
68. Katz HR, Austen KF. Mast cell deficiency, a game of kit and mouse. Immunity 
(2011) 35:668–70. doi:10.1016/j.immuni.2011.11.004 
Conflict of Interest Statement: Herewith, the authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.
Copyright © 2018 Fritscher, Amberger, Dyckhoff, Bewersdorf, Masouris, Voelk, 
Hammerschmidt, Schmetzer, Klein, Pfister and Koedel. This is an open­access arti­
cle distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms.
